Abstract The investigation of the distribution of particulate matter (PM) inside a catalyzed particulate filter (CPF) is studied in this work. The goal was to identify how loading, passive oxidation, active regeneration, and post loading conditions affect the PM distribution. The PM distribution was measured using an Advantest TAS7000 3D Imaging Analysis System, which nondestructively measures the PM distribution. A total of nine experiments were conducted, resulting in three loading scans, four passive oxidation scans, four active regeneration scans, and two post loading scans. The loading experiments were run with two different target PM loadings of 3 and 5 g/L. The passive oxidation experiments were run under two different engine conditions, and four different amounts of PM were oxidized. The active regeneration experiments were run at two target temperatures of 525 and 600°C, and four levels of PM were oxidized. One post loading experiment was completed after a passive oxidation, and one was completed after an active regeneration. The results show that the PM distribution after loading is similar to the model-predicted PM distribution, which is calculated using the wall flow velocity distribution. The amount of PM in the substrate affects the axial distribution uniformity. The amount of PM passively oxidized or actively regenerated affects the axial distribution uniformity as well. The effect of post loading is dependent on whether the PM was passively oxidized or actively regenerated.
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Introduction
Through stringent regulations, heavy-duty diesel engine emissions have been reduced throughout the world. To meet these and new regulations, the exhaust aftertreatment needs to be improved and optimized in order to reduce the fuel consumption, cost, and emissions associated with the operation of the integrated engine and aftertreatment system. A typical heavy duty aftertreatment configuration consists of a diesel oxidation catalyst (DOC), a catalyzed particulate filter (CPF), and a selective catalytic reduction (SCR) catalyst. The aftertreatment is optimized through advanced experimental measurements and development of advanced models. In particular, the operation of the CPF can be optimized through research in at least the four following areas:
1. Understanding the maximum particulate matter (PM) loading in the CPF that will not cause damage to the CPF 2. Understanding the required frequency of active regenerations to prevent nonuniform PM loading, uncontrolled regenerations, and CPF damage 3. Understanding how PM loading, active regeneration, passive oxidation, and post loading affect the PM distribution in the CPF 4. Developing high fidelity and reduced order models, validated with experimental data, that can be used for system design and control in the vehicle High fidelity and reduced order models have the potential to be used for system design, optimization, and on-board diagnostic work. If the models are capable of predicting the PM distribution in the CPF, the frequency and duration of the active regeneration events could be optimized. Konstandopoulos, Kostoglou, and Housiada [1] showed that the PM distribution in the CPF could affect the amount of time required to remove all of the PM from the substrate. By optimizing the active regeneration strategy, based on the PM distribution, the fuel penalty associated with active regenerations could be reduced.
The optimization of the CPF is complicated due to the lack of information available on the PM distribution inside the CPF. Traditionally, measurement of the PM distribution was time intensive and resulted in destruction of the CPF. New measurement methods that utilize X-rays [2] , dynamic neutron radiography [3, 4] , and terahertz waves [5] enable measurement of the PM distribution CPF in three dimensions without damaging the CPF. This allows for repeated testing and more advanced analysis of the retained PM distribution.
A study was conducted to investigate the PM distribution in a CPF to determine trends for PM loading, passive oxidation, active regeneration, and post loading conditions. The study was conducted in two phases. Phase 1 was intended to develop the experimental methods and gain an initial understanding of the PM distribution. Foley, Naber, Johnson, and Rogoski presented results from the phase 1 study in reference [6] , with the focus being the development of the measurement and analysis procedures. Phase 2 was an in-depth investigation into the PM distribution for carefully conducted engine experiments using previously established procedures. Foley presented an in-depth data analysis for phases 1 and 2 in reference [7] . The data collected from this study were compared with previously collected experimental data available in the literature. This work presents a literature review of previous works, a brief overview of the equipment and instrumentation used, the plan used to conduct the study, and the phase 2 results and conclusions.
Based on a review of prior work in this area, there are six ways that PM can be filtered in a wall flow device, such as a CPF. These include the following: (1) diffusion, (2) interception, (3) inertia, (4) gravity, (5) electrostatic forces, and (6) thermophoresis [8, 9] . The particle size of the PM emitted from the engine during this study was less than 1000 nm, with the peak particle size being 100 nm by number and 200 nm by volume. According to Ohara et al. [9] , when the particle size of the PM is between 0 and 250 nm, diffusion is the primary filtration mechanism. Between 250 and 1000 nm, interception of the particles, or capturing the particle due to it hitting another surface, is the primary filtration mechanism. The particles will remain in the streamlines prior to contact with another surface [9] . Therefore, the profile of the wall flow velocity will affect the distribution of the PM. The modeled wall flow velocity (U w ) for three different permeability values (k w ) is shown in Fig. 1 [10] . The wall flow velocity tends to have a nearly linear profile along the length of the CPF for low permeability values. As the permeability increases, the wall flow velocity transitions to a parabolic profile. Given the particle size range in our study, it would then be expected that the measured PM distributions would have axial trends similar to the wall flow velocity distributions shown in Fig. 1 .
Several studies that have either modeled PM distributions using models calibrated to simulate engine data or performed destructive PM distribution measurements. Piscaglia, Rutland, and Foster [11] give an example of the modeling work. The developed model produces an axial PM distribution similar to the axial wall flow distribution shown in Fig. 1 Yi [12] developed a three-dimensional particulate filter model. The model shows that initially, the axial PM distribution follows the axial wall flow velocity distribution in Fig. 1 for a permeability value of 1.8×10 −11 m 2 . However, at some point, and at an unspecified loading, the axial PM distribution will become uniform, similar to that shown in Fig. 1 for a permeability value of 1.8×10 −14 m 2 . This result was also shown by Bensaid, Marchisio, Fino, Saracco, and Specchia [13] . Additionally, Yi [12] presented results for the radial distribution, after adding inlet and outlet connections to the substrate. Results from this work show a higher loading near the centerline of the substrate. The model never shows a uniform distribution in the radial direction. Konstandopoulos et al. [1] presented the modeled axial and radial PM distribution during a passive oxidation event. Results from their multichannel model showed that the PM was oxidized near the outlet of the substrate first. Then, as time progressed, the oxidation progressed from the outlet toward the inlet of the substrate. The passive oxidation resulted in a uniform axial distribution, with the PM loading at the inlet being only slightly higher than the outlet. The resulting radial distribution was nonuniform, with the periphery of the substrate having a higher PM loading than the centerline. The radial nonuniformity is likely caused by temperature and flow variations due to a suboptimal aftertreatment configuration. Kostoglou, Housiada, and Konstandopoulos [14] present multichannel simulation results that show how heat transfer, localized high temperature regions, and inlet nonuniformities affect the PM distribution during active regenerations. Although these modeling studies are outside the current scope of experimental work, they do represent experimental work that needs to be completed in the future.
Although there are fewer experimental measurements of the PM distribution than the modeling studies, a few researchers have published results. The three following works studied the PM cake layer thickness in scaled down substrates. Koltsakis, Konstantinou, Haralampous, and Samaras [15] showed that when a substrate was loaded to 3.4 g/L, the PM cake layer thickness varied from 90 μm near the inlet, to 75 μm near the middle, and to 85 μm near the outlet of the substrate. As the overall loading increased to 8.2 g/L, the PM cake layer thickness was between 250 and 300 μm throughout the substrate. Bensaid, Marchisio, Russo, and Fino [16] conducted experimental work yielding similar results. One experiment had the minimum loading at 50 % of the axial length, which was 16-20 % lower than the PM loading near the inlet and outlet of the substrate. Another experiment, conducted at a lower overall loading, had the minimum loading at 35 % of the axial length. The PM loading at the minimum loading point was 33 % lower than at the outlet of the substrate, and the PM loading at the inlet was 13 % lower than at outlet of the substrate.
Pinturaud et al. [17] presented the axial PM distribution measurements for a scaled-down substrate. The axial PM distribution measured after PM loading in that study was similar to the wall flow velocity distribution shown in Fig. 1 for a permeability value of 1.8×10 −12 m 2 . Pinturaud et al. also performed an active regeneration on the scaled down substrate. After 41 % of the PM was oxidized, the general trend in the axial distribution was similar for the loading and active regeneration cases. This was the only work found that looked at the effect of active regenerations on the axial PM distribution. Fig. 1 Wall flow velocity for three permeability values [10] . Reprinted from Journal of Aerosol Science, 40/4, Liu, Y., Gong, J., Fu, J., Cai, H., Long, G., Nanoparticle motion trajectories and deposition in an inlet channel of wall-flow diesel particulate filter, page 316, copyright 2008, with permission from Elsevier Ranalli, Hossfeld, Kaiser, Schmidt, and Elfinger [18] found that the exhaust flow rate at which a substrate is loaded would affect the uniformity of the radial PM distribution. At 60 kg/h, a uniform PM distribution was found throughout the substrate for PM loadings from 0 to 9.3 g/L. However, at 320 kg/h, a nonuniform distribution was found after 5 g/L of PM was loaded. The authors used the flow rate of the exhaust through different areas of the substrate as a measurement of the uniformity, so the actual amount of variation in the PM loading was not quantified. Pinturaud et al. showed a similar result for PM loading in reference [17] . Pinturaud et al. [17] also showed that a uniform radial distribution existed after an active regeneration.
Lastly, Ranalli, Klement, Hoehnen, and Rosenberger [19] showed that the uniformity of the flow through the substrate is improved by optimizing the geometry of the piping leading into the substrate. Stratakis and Stamatelos [20] showed that placing a DOC directly in front of the particulate filter would improve the uniformity of the flow entering the substrate. Thus, it was concluded that improving the uniformity of the radial flow at the inlet to a CPF will make the PM distribution more uniform in the radial direction.
Although the literature gives an assessment of the PM distribution, the data and models come from a wide range of test systems. Various substrate sizes and measurement methods have been used for the many studies conducted. This may lead to differences in the resulting data that cannot be explained. It also becomes difficult to draw conclusions from these studies and compare the various models.
The study described in this paper focuses on collecting data under a well-controlled, consistent manner for loading, passive oxidation, active regeneration, and post loading conditions. Full-size aftertreatment components are used, and the PM distribution is analyzed in a nondestructive manner, so the resulting data is more representative of actual conditions. This makes interpreting the data and changes in the PM distribution more consistent, and the data provide significant value for CPF model development and validation.
Experimental Setup
A 2007 Cummins ISL rated at 272 kW was used for the experiments conducted for this study. The specifications for the engine are given in Table 1 . All experiments were completed using ultra-low sulfur diesel fuel (ULSD). The CPFs used in this study used model year 2010 substrates and were canned using specialized apparatus. The specifications of the DOCs and CPFs used in this study are given in Table 2 . The specialized cans used with the CPF substrate opened like a clamshell and allowed the substrate to be removed from the can prior to measuring the PM distribution. After the PM distribution measurement was taken, the substrate would be placed back in the can, and testing could resume. An example of the removable can is shown in Fig. 2 . Figure 2a shows the can in the open position. Figure 2b shows the substrate in the can, which is instrumented for testing.
A schematic of the engine test cell used to conduct the experiments is shown in Fig. 3 . The exhaust from the engine can be routed through one of two paths. The first path, called out as the "baseline," bypasses the exhaust aftertreatment system. The second path, called the "trapline," passes the exhaust through the aftertreatment system. Having two exhaust paths allows a test to be started and stopped at exact moments, by allowing the engine to be warmed or cooled without running exhaust through the aftertreatment system. The engine was connected to a wet gap eddy current dynamometer, rated at 373 kW. Gaseous emissions were measured using two instruments, a Pierburg AMA 4000 and a V&F Analyse-und Messtechnik GmbH AirSense ion molecule reaction mass spectrometer (IMR-MS). A scanning mobility particle sizer (SMPS) was used to measure particle size. The PM concentration in the exhaust was measured using a method developed by Michigan Technological University (MTU), which samples the hot exhaust and collects the PM on a 47-mm glass fiber filter. This filter is conditioned and weighed before and after testing, and the measured mass is divided by the standard volume of exhaust sampled to determine the PM concentration in mg/sm 3 . The PM distribution in the CPF was determined by scanning the substrate using an Advantest TAS7000 3D Imaging Analysis System, which uses terahertz waves. The TAS7000 detects changes in the transmitted terahertz wave and correlates the changes in a specific frequency spectrum to the amount of PM loaded in the substrate. The TAS7000 scans the substrate in the 400-GHz to 4-THz frequency range [21] . For this study, the substrate was virtually divided into 125 axial sections, and each axial section was analyzed with a spatial resolution of a 4.5×4.5×2.4-mm cuboid. The number of axial sections, and the spatial resolution, can be programmed into the TAS7000. A typical scan takes 6-20 h, depending on the desired spatial resolution. A substrate must be scanned twice for proper and accurate analysis. The first scan, referred to as a baseline scan, is of a clean substrate (no PM loading). The second scan is taken after a loading, passive oxidation, active regeneration, or post loading event. The difference in these two scans represents only the PM loading, as the base materials (substrate and washcoat) are removed from the analysis. Readers interested in the details of the TAS7000 that are beyond the scope of this paper should see references [5, 6] .
The PM distribution is quantified using the average PM loading, the 95th percentile range (PR), and a uniformity index (UI). The 3D data from the TAS7000 were organized to allow for a thorough analysis. The data were grouped into 125 axial sections, four equal length axial segments, four equal area radial sections, 72 5°angular increments, and four quadrants. As stated previously, the number of axial sections used was determined during the scanning of the substrate. Figure 4 shows how an axial section was divided to achieve the four radial sections (given by the red lines and red text), the 72 5°angular increments (an example of one angular increment is given by the black lines), and the four quadrants (given by the green lines and green text). Figure 5 shows the axial segments, as a function of the normalized substrate length, Z*. The value of Z* is calculated using Eq. 1, where DFI is the distance from the inlet and OAL is the overall length of the substrate.
This study used a UI to measure the amount of variation in the PM loading at the various analysis points in the substrate. An analysis point is defined as the area in one angular increment, one radial section, and one axial section. Defining the analysis point in this way allows for the resulting analysis to have directionality. These analysis points can be combined into analysis areas which represent the axial, radial, or angular direction, in axial sections, axial segments, or the entire substrate. The UI is calculated for a specific region, using the data in the analysis points and analysis areas. The UI was calculated using Eq. 2.
In Eq. 2, σ is the standard deviation and w is the PM loading in the substrate at the completion of the loading portion of the test and prior to any oxidation event. The value of w was set to the total PM loading, in grams per liter, in the substrate at the completion of the loading portion of the test to allow for easier comparison of the loading, passive oxidation, active regeneration, and post loading experiments. Sensitivity analysis showed that if the value of w varied by more than ±0.8 g/L, the UI would vary by more than ±4 %. Since the PM loading in the substrate at each individual scan varied from 1 to 5 g/L, it would be difficult to compare the UI values that resulted from different test conditions unless this sensitivity could be factored into the comparison. The PM loading in the substrate at the completion of the loading portion of the tests was around 3 g/L for all of the tests conducted, with the exception of two tests that were loaded to 5 g/L, enabling a better comparison of the different test conditions. The equation used to calculate σ is given as Eq. 3.
In Eq. 3, w i is the PM loading in one analysis point in one analysis area, w l is the average PM loading in one analysis area, n is the number of analysis points in each analysis area, n s is the number of analysis areas being used in the calculation, and n t is the total number of analysis points. The equation used to calculate n t is given as Eq. 4.
The use of the double summation in the calculation of σ allows for 3D analysis of the PM distribution, since both the number of analysis areas and analysis points can be changed. The double summation also allows for directionality to be maintained, since each analysis point is compared to an average value in a discrete direction. Therefore, a large area can be analyzed without taking the average value over a large area and decreasing the sensitivity of the analysis. An axial UI is always calculated using the average PM loading in the entire substrate, for either one radial section or as a whole, for the value of w l . A radial UI is always calculated using the average PM loading in one angular increment for the value of w l , regardless of the analysis area. An angular UI is always calculated using the average PM loading in one radial section as the value for w l , regardless of the analysis area. For the purposes of this work, a distribution will be described as uniform if the UI is greater than or equal to 0.94. Readers interested in more details of the analysis method should go to references [6, 7] .
Experimental Plan
The experimental plan for phase 2 was designed to expand upon the data collected during phase 1 and to develop an understanding of how loading, passive oxidation, active regeneration, and post loading affect the PM distribution in the substrate. Details of phase 1 are presented in reference [6] . The developed test plan for phase 2 is shown in Fig. 6 . Seventeen substrate scans were taken during phase 2. Of the 17 scans, four were baseline scans, three were loading scans, four were passive oxidation scans, four were active regeneration scans, and two were post loading scans. For the purposes of this paper, post loading is defined as PM loading that occurs after a passive oxidation or active regeneration is performed on a substrate. The engine operating conditions (EOCs) used during this study are given in Table 3 . The EOCs and the test procedures were chosen as such in order to replicate passive oxidation and active regeneration experiments conducted by Hutton, Johnson, Naber, and Keith [22] ; Shiel, Naber, Johnson, and Hutton [23] ; and Pidgeon, Johnson, and Naber [24] and to gather The space velocity was calculated by dividing the actual volumetric exhaust flow rate, in m 3 /h, by the total substrate volume, in m 3 . The actual volumetric flow rate of exhaust was calculated by dividing the exhaust mass flow rate, in kg/h, by the standard exhaust gas density, 1.18 kg/m 3 , and then using the ideal gas equation to correct from the standard to the actual pressure and temperature. The temperature used was the average CPF temperature more data for a one-dimensional CPF model being developed by Premchand, Surenahalli, and Johnson [25] . The onedimensional model used the data from Shiel et al. [23] and Pidgeon et al. [24] , to calibrate the different parameters to simulate the experimental results. The PM distribution data were one of the last pieces of information required for a better understanding of the results of the one-dimensional CPF model. The originally developed experimental procedure was modified to enable PM distribution measurements. The Appendix provides the overall procedure used to conduct the experiments.
Experimental Results
The study focused on developing an understanding of the PM distribution in a CPF after loading, passive oxidation, active regeneration, and post loading conditions. This section will present the results of each one of those conditions. The PM distribution results will also be summarized.
Loading Experimental Results
The axial PM distributions for the three loading experiments are shown in Fig. 7 . The substrates were loaded to 3 and 5 g/L for these three tests. All loading experiments used EOC B, described in Table 3 , as the loading condition. The overall trends for the 3 g/L experiments, tests 1 and 6, are similar. Test 1 had PM loadings that were 8 and 10 % higher than the calculated substrate average in axial segments 1 and 4, respectively. Axial segments 2 and 3 had PM loadings that were 5 to 11 % lower than the calculated substrate average. The substrate used for this experiment had not been previously tested; therefore, this PM distribution result represents the expected PM distribution after the loading of a clean substrate. The substrate used for test 6 had been tested previously and was then cleaned out prior to test 6. The substrate was cleaned out using an active regeneration, which had exhaust temperatures near 600°C, and was run until the pressure drop across the substrate was minimized and constant. The resulting PM distribution for test 6 was different than test 1, with axial segments 1-3 having PM loadings that were −3 to 0 % different than the calculated substrate average. Axial segment 4 had a PM loading that was 6 % higher than the calculated substrate average. The engine condition used to load the substrate for tests 1 and 6 was identical, so any change in the PM distribution was likely caused by artifacts of the previous loading on the substrate used for test 6. The artifacts may have changed the wall flow velocity distribution, which would have changed the PM loading distribution.
After the first loading scan from test 6 was taken, the substrate was loaded to 5.18 g/L, starting from the previous 2.81 g/L. The axial PM distribution is shown to change in Fig. 7 between test 6 and test 6 second loading. For test 6 second loading, axial segments 1-3 had PM loadings that were 2 to 6 % lower than the calculated average PM loading. This is similar to the distribution found for test 6. However, for axial segment 4, the PM loading was 13 % higher than the calculated substrate average. The increase in the loading near the outlet of the substrate was likely caused by a change in the wall flow velocity distribution. As shown in Fig. 1 , the wall flow velocity profile is affected by permeability of the substrate and PM cake layer. The wall flow velocity profile is also affected by the exhaust flow rate. The exhaust flow rate did not change significantly between the two tests. Therefore, the permeability of the PM cake layer and the substrate wall would have to change as the PM loading increased in order to produce a different PM distribution trend. Additional data from these experiments are shown in Table 4 . The measured axial distribution was compared to a onedimensional model developed by Premchand [26] , and the result is shown in Fig. 8 . Overall, the data from the model and the experiment have similar trends. Both show an increase in the PM loading near the inlet and outlet of the substrate, with a minimum occurring near the middle of the substrate. For the experimental data, that minimum value occurred at around 70 % of the axial length, and for the model, the minimum value occurred at around 40 % of the axial length. The modeled uses the wall flow velocity profile, which is calculated in the model, to predict the PM distribution [25, 26] . Although the reason for the differences in the trends is unknown, approximations in the model and model calibration could be part of the cause.
The radial and angular PM distributions were uniform for all of the loading experiments conducted. However, the UI for the axial PM distribution was found to vary based on the PM loading in the substrate. Figure 9 shows the axial UI as a function of the PM loading in the substrate. Test 6, which had a PM loading of 2.81 g/L, was the only test to have a uniform axial PM distribution. As the PM loading increased above 3 g/L, the axial UI dropped below 0.94, which is the threshold for a uniform distribution. This indicates that Fig. 8 Comparison of experimentally measured to modeled axial PM distribution [26] . Reprinted with permission from Kiran Premchand's doctoral dissertation a PM loading below 3 g/L may be required to maintain a uniform axial PM distribution during substrate loading.
Passive Oxidation Experimental Results
The axial PM distributions measured for the four passive oxidation experiments are shown in Fig. 10 . The axial distributions that were measured after passive oxidations show a trend similar to what was found after loading. The EOC used for tests 1, 7, and 8 was EOC F, described in Table 3 . Test 9 used EOC A, also described in Table 3 . The axial PM distribution after the passive oxidation in test 1, which oxidized 22 % of the available PM, had PM loadings in axial segments 1 and 4 that were 0 and 16 % higher than the calculated substrate average, respectively. Axial segments 2 and 3 had PM loadings that were 6 to 8 % lower than the calculated substrate average, respectively. The axial PM distribution after loading for test 1 had a similar distribution, with axial segments 1 and 4 having PM loadings that were 8 and 10 % higher than the calculated substrate average and axial segments 2 and 3 having PM loadings that were 5 to 11 % lower than the calculated substrate average. The data indicate that more PM was oxidized near the inlet of the substrate. The passive oxidation portion of test 1 was completed directly after the loading scan was taken from test 1.
The axial PM distribution measured after the passive oxidation from test 7, where 65 % of the available PM was oxidized, had a different trend than what was found after the passive oxidation from test 1. Axial segments 1-3 had PM loadings that were between 2 and 4 % lower than the calculated substrate average. Axial segment 4 had a PM loading that was 10 % higher than the calculated substrate average. The difference in the PM distributions measured after the passive oxidation portions of tests 1 and 7 could be caused by the expected PM distribution after loading. The substrate used for test 7 had been previously used for testing. Therefore, the expected distribution after the loading portion of test 7 would be similar to the loading distribution measured for test 6. For test 6, axial segments 1-3 had PM loadings that were 0 to 3 % lower than the calculated substrate average and axial Axial UI v. PM Loading Fig. 10 Axial PM distributions after passive oxidation. The numbers after test indicate percent oxidized and average substrate temperature segment 4 had a PM loading that was 6 % higher than the calculated substrate average. This distribution is similar to what was found for test 7. The data show that less PM was oxidized near the outlet of the substrate, as the PM loading in axial segment 4 increased from being approximately 6 % higher than the calculated substrate average to being 10 % higher than the calculated substrate average. The PM loadings in axial segments 1-3 were similar for the loading scan of test 6 and the passive oxidation scan of test 7.
The measured axial PM distribution from test 8, where 28 % of the available PM was oxidized, was different than the axial PM distributions measured for tests 1 and 7. Axial segments 1-3 had PM loadings that were 3 to 8 % lower than the calculated substrate average. Axial segment 4 had a PM loading that was 16 % higher than the calculated substrate average. This result shows that passive oxidation removes more PM from the inlet area of the substrate initially, since the PM loading near the outlet of the substrate for test 8 is higher than the PM loading near the outlet for tests 1 and 7. Axial segments 1-3 had similar PM loadings for tests 1, 7, and 8.
The axial PM distribution that was measured for test 9, where 6 % of the available PM mass was oxidized, was similar to the result for test 7. The PM loadings in axial segments 1-3 were 1 to 3 % lower than the calculated substrate average. Axial segment 4 had a PM loading that was 6 % higher than the substrate average. Test 9 used EOC A, instead of EOC F, as test 7 did. Both EOCs are described in detail in Table 3 . The space velocity and average substrate temperature for EOC A was 41 and 27 % lower, respectively, than EOC F. This indicates that the space velocity and average substrate temperature did not have a significant effect on the axial PM distribution for these tests. Additional data for the passive oxidation experiments are found in Table 5 .
In general, the difference between the PM loading in axial segment 4 and the substrate average was greater for the passive oxidation experiments than the loading experiments. This is possibly explained by particle physics. Sappok, Wang, Wang, Kamp, and Wong [27] discuss how PM moves in a substrate channel during passive oxidation and active regeneration events. Their work shows that during the PM oxidation process, PM can become re-entrained in the flow and transported toward the outlet of the substrate. During passive oxidation events, the PM reaction rate would remain nearly constant in the axial direction, from the inlet to the outlet of the substrate, as there are no large axial temperature variations. Therefore, the PM loading near the outlet of the substrate would increase, since there would be no increase in the PM reaction rate to remove the re-entrained and re-deposited PM.
The axial UIs for the passive oxidation experiments are shown in Fig. 11 as a function of the amount of PM oxidized. The radial and angular UIs are not shown since they were found to be uniform for all experiments. In  Fig. 11 , the axial PM distribution was uniform when 6 and 65 % of the available PM were oxidized. When Table 5 PM distribution data summary for the passive oxidation experiments. The top row for each test contains the directional UI. Comments for each test are in the following row(s)
Test
Axial distribution Radial distribution Angular distribution •All radial sections are uniform more than 6 % and less than 65 % of the available PM were oxidized during a passive oxidation event, a nonuniform axial distribution was found.
Active Regeneration Experimental Results
Four active regeneration experiments were conducted as part of this study, with the axial PM distributions for the four substrate scans shown in Fig. 12 . All active regeneration experiments used EOC AR, described in Table 3 , and in-cylinder fuel dosing to complete the active regeneration. The CPF inlet temperature was varied from 525 to 600°C, depending on the test being conducted. The active regeneration experiments resulted in an axial PM distribution trend that was similar to what was found after PM loading experiments. Test 2 was a substrate cleanout at 611°C where 81 % of the available PM was oxidized. The PM loading in the substrate prior to the cleanout was 4.88 g/L. This was the only active regeneration experiment with a PM loading near 5 g/L. The other active regeneration experiments were performed on a substrate loaded to approximately 3 g/L. The PM loading for test 2 increases from being 9 % lower than the calculated substrate average in axial segment 1 to being 14 % higher than the calculated substrate average in axial segment 4. Axial segments 2 and 3 had PM loadings that were −6 and 2 % different than the calculated average substrate loading. The slight increase is likely due to ash deposits in the substrate. The substrate used for test 2 was used for an additional 70 h of engine run time prior to the cleanout taking place. It was shown in reference [7] that 70 h of operation is long enough to deposit 13 g (0.76 g/L) of ash in a CPF. During the experiment, the rate of change in the pressure drop during the last 5 min of the cleanout was 6 Pa/min. This indicates that the pressure drop was stabilizing prior to the experiment being stopped and a majority of the carbonaceous PM was oxidized. Therefore, the resulting trend in the line may represent an ash distribution in the substrate.
Phase 2 tests 3-5 all have similar axial PM distributions. These tests oxidized 26, 45, and 52 % of the available PM at 519, 525, and 574°C, respectively. For test 3, axial sections 1-3 had PM loadings that were −3 to 0 % different than the calculated substrate average. Axial section 4 from test 3 was 4 % higher than the calculated substrate average. This is similar to what was found for the loading scan from test 6. Axial sections 1-3 for test 4 had PM loadings that were −4 to 0 % different than the calculated substrate average, and axial section 4 was 3 % higher than the calculated substrate average. Test 5 produced similar results as well, with axial sections 1-3 having PM loadings that were −4 to 0 % different than the calculated substrate average, and axial section 4 was 6 % higher than the calculated substrate average. This shows that the average substrate temperature during the active regeneration, and the amount of PM that was oxidized, did not have an impact on the axial PM distribution for these experiments. Additional data for the active regeneration experiments are given in Table 6 .
The difference between the PM loading in axial segment 4 and the substrate average is not significantly different than what was found for the loading experiments. Sappok et al. [27] discuss that active regenerations can cause particle re-entrainment similar to passive oxidations, possibly causing more particles to move toward the outlet of the substrate. However, during active regenerations, the temperature near the outlet of the substrate can be 25°C higher than the inlet of the substrate, as shown in reference [7] . For an active regeneration with a target temperature of 600°C, the 25°C increase near the outlet can increase the PM reaction rate by 66 % [7] . These phenomena are counteracting, where the increased reaction rate could be oxidizing the excess PM that would be re-deposited near the outlet of the substrate. Figure 13 shows the axial UI for the four active regeneration experiments versus the amount of PM oxidized. The axial UI was above 0.94 for all active regeneration experiments. The radial and angular UIs are not shown since they were uniform for all experiments as well. This indicates that the active regenerations did not result in nonuniform PM distribution.
Post Loading Experimental Results
The final section of results covers the post loading results. Post loading is defined as the loading that occurs after a passive oxidation or active regeneration event. Two post loading experiments were conducted, one after a passive oxidation and one after an active regeneration. Both post loading experiments used EOC B, described in Table 3 , as the loading condition. The axial PM distributions for both experiments are shown in Fig. 14 . The substrate scan from test 4 shows the result of post loading after an active regeneration. Test 4 was a 526°C active regeneration that oxidized 45 % of the available PM. The substrate scan from test 7 shows the result of post loading after a passive oxidation. Test 7 was a passive oxidation at EOC F that oxidized 65 % of the available PM. Results for the radial and angular distribution are not discussed because both experiments had uniform radial and angular distributions. The axial UI for the post loading portion of test 4 was 0.84, and the axial UI for test 7 was 0.95. The two post loadings resulted in a similar amount of PM being added to the substrate. The post loading for tests 4 and 7 increased the average PM loading by 56 and 62 %, respectively. Since the post loading increased the PM loading in the substrate by a similar amount, the decrease in the uniformity of the axial PM distribution was likely caused by the active regeneration.
The axial PM distribution found for the post loading scan from test 4, which was after an active regeneration, is unlike any other axial PM distribution, with the exception of test 2, which was a 611°C active regeneration that oxidized 81 % of •All quadrants are uniform
•All radial sections are uniform the available PM. For test 4, axial segments 1-3 had PM loadings that were −11 to 1 % different than the calculated substrate average. Axial segment 4 had a PM loading that was 20 % higher than the calculated substrate average. After the active regeneration that was performed during test 4, the PM loadings in axial segments 1-4 were −4 to 3 % different than the substrate average. This indicates that the wall flow velocity distribution changed after the active regeneration, causing the axial PM distribution to change. This is likely caused by a change in the permeability of the substrate wall and PM cake layer. Additional data for the post loading experiments are given in Table 7 .
The axial PM distribution for the post loading scan from test 7, which was after a passive oxidation event, is similar to the axial PM distribution found after the passive oxidation experiments. Axial sections 1-3 had PM loadings that were −3 to −2 % different than the calculated substrate average. Axial section 4 had a PM loading that was 8 % higher than the substrate average. The similarity in the axial PM distributions from the post loading scan of test 7 and the passive oxidation scan of test 7 indicates that the passive oxidation event did not alter the wall flow velocity distribution and, thus, the permeability of the substrate wall and PM cake layer.
Summary and Conclusions
The axial wall flow velocity is one of the main factors in determining the axial PM distribution, due to the size of the particles in the exhaust. The models developed show PM distributions that are similar to the axial wall flow velocity. Other experiments have been conducted that show a correlation between the axial wall flow velocity and the PM distribution. The experimental work for this study was conducted using a 2007 Cummins ISL diesel engine. The substrates were scanned using an Advantest TAS7000 3D Imaging Analysis System. The results from three loading, four passive oxidation, four active regeneration, and two post loading tests were presented. Table 4 presents the results from the three loading experiments. The results from the four passive oxidation experiments are shown in Table 5 . Table 6 presents a summary of the four active regeneration experiments. The two post loading experiments are summarized in Table 7 .
The conclusions from this work are as follows.
For loading experiments:
& The axial PM distribution after loading has a similar trend to the simulated axial wall flow velocity distribution. & The axial UI decreases as the PM loading in the substrate increases. The radial and angular UI values were greater than 0.94 for all cases and showed no trends.
For passive oxidation experiments:
& The axial PM distributions from the passive oxidation experiments were similar to the axial PM distributions found during the loading experiments; however, less PM was oxidized near the outlet of the substrate. & The axial UI decreases when more than 6 % and less than 65 % of the available PM are oxidized. The radial and angular UI values were greater than 0.94 for all cases and showed no trends.
For active regeneration experiments:
& The axial PM distributions from the active regeneration experiments were similar to the axial PM distributions found during the loading experiments. & The axial, radial, and angular UI was greater than 0.94 for all active regeneration experiments and thus considered uniform.
For post loading experiments:
& Post loading after a passive oxidation event resulted in an axial PM distribution that was similar to the other loading and passive oxidation axial PM distributions. & Post loading after an active regeneration resulted in a different axial PM distribution than the loading, passive oxidation, and active regeneration axial PM distributions. This is likely caused by a change in the permeability of the substrate wall and PM cake layer. & The axial UI was greater than 0.94 for the post loading after a passive oxidation, but less than 0.94 for the post loading after the active regeneration. The radial and angular UI values were greater than 0.94 and showed no trend.
